Aim/objective: Understanding pharmacokinetic (PK) differences between standard and extended half-life (EHL) products is important, particularly for factor IX (FIX), where differences are more significant than for factor VIII. Two single-dose PK trials showed N9-GP achieves higher FIX levels and greater area-under-the-curve than pdFIX, rFIX, and rFIXFc through higher recovery and longer terminal half-life. In paradigm 7, N9-GP demonstrated consistently favorable PK characteristics compared with rFIXFc. Collins et al explored population PK differences between N9-GP and pdFIX/rFIX based upon paradigm 1 data. This analysis uses population PK models based upon the paradigm 7 trial. Methods: 15 patients (21-65 years) with hemophilia B received single 50-IU/kg doses of N9-GP and rFIXFc ≥21 days apart. A population PK model developed from single-dose PK profiles simulated plasma FIX activity following dosing for surgery and on-demand treatment of bleeds. Simulations explored doses and frequencies required to sustain target World Federation of Hemophilia (WFH) factor activity levels. Results: PK profiles of N9-GP and rFIXFc were described by one-and three-compartment models, respectively. Simulations predicted significantly reduced dosing frequency and consumption for N9-GP than rFIXFc. For severe bleeds, a single N9-GP dose (80 IU/kg) is sufficient to maintain WFH-recommended FIX levels, whereas multiple rFIXFc doses are required. For surgery, redosing in the first week with N9-GP is modeled at day 6 vs rFIXFc dosing at 6, 30, 54, 78, and 126 hrs. For life-threatening bleeds, N9-GP is required at days 0, 3, 6, 13, and 18 vs rFIXFc redosing after 6 hrs with 10 additional doses at 24-, 48-, and 72 hr intervals. Conclusion: PK modeling approaches based upon direct comparative studies offer insights into PK differences between EHL FIX products. Model simulations show N9-GP may allow on-demand treatment and perioperative management with 55-75% fewer injections and 65-74% lower overall factor concentrate consumption than rFIXFc.
Plain Language Summary
This study compared the pharmacokinetics (PK) of two extended half-life products used in the treatment of hemophilia B: nonacog beta pegol (N9-GP) and rFIX Fc fusion protein (rFIXFc). Using data from patients participating in the paradigm 7 comparative PK study, a population PK model was used to simulate the plasma FIX activity following dosing for surgery and on-demand treatment of bleeds. The model was designed with reference to factor activity level targets in the
Introduction
Congenital hemophilia B is an X-linked disorder resulting from missing or reduced amounts of clotting factor IX (FIX). Severity is classified based upon residual FIX activity with <1% severe, 1-5% moderate and >5-40% mild. 1 In comparison with hemophilia A (factor VIII [FVIII] deficiency), where half the patients have severe disease marked by frequent spontaneous bleeding (typically in joints), only one third of patients with hemophilia B have severe disease. Consequently, the majority have mild-tomoderate hemophilia where bleeding has traditionally been associated more commonly with trauma and surgery.
Routine replacement of factor (prophylaxis) is recommended for those with severe disease or frequent bleeding, 1 and it is not surprising that the percentage of patients on routine prophylaxis varies across hemophilia severities. Data from the United States suggest that routine prophylaxis is prescribed for 80.7% of those with severe hemophilia, 20.9% for moderate hemophilia, and 7.4% with mild hemophilia. 2 However, increasing epidemiological evidence suggests that patients with mild-to-moderate hemophilia have fewer bleeding episodes when baseline factor levels reach 15-20%. 3, 4 Consequently, treatment of bleeding when it occurs (on-demand) and preventing bleeding during surgery are also important for the majority of patients with mild-to-moderate hemophilia B. Further, evolving psychosocial research suggest that those with mild-to-moderate hemophilia B may be less familiar with intravenous selfinfusions and need to rely on family and healthcare practitioners to treat bleeds when they happen. With plasma-derived and early recombinant FIX (rFIX) products that had a standard half-life (SHL) of about 18 hrs, two or more infusions were often required to treat bleeding; in clinical trials leading to registration, 61.4-75% of adults/ adolescents received only one dose. [5] [6] [7] Further, following initial high bolus doses, multiple and frequent additional doses or continuous infusions of FIX were used for perioperative management. [8] [9] [10] The development of three extended half-life (EHL) FIX products with different prolongation mechanisms and pharmacokinetic (PK) profiles provided the potential to reduce the frequency of administration for routine prophylaxis, but also to impact on-demand treatment of bleeds and perioperative management. Therefore, it is important to understand the PK profile differences between SHL and EHL products, and particularly between EHL FIXs, where the differences between products are more significant than for EHL FVIII products. Two single-dose PK trials showed that recombinant glycoPEGylated FIX (N9-GP, Rebinyn The impact of PK differences between N9-GP and pdFIX/rFIX for on-demand and surgical use was first explored by Collins et al 14 based on data from the paradigm 1 PK trial. The present analysis uses population PK models to explore the PK differences between N9-GP and rFIXFc that were observed in the paradigm 7 PK trial. 
Methods

Modeling Strategy
Model selection was guided by visual inspection of goodness-of-fit plots, plausibility of parameter estimates, and changes in -2 Log Likelihood (-2LL). For nested models, the change in -2LL is assumed to be χ 2 distributed. A P-value of 0.001 was used in model extension/reduction criteria throughout the analysis; hence, a drop in -2LL of at least 10.83 was required for the addition of a single parameter to be a significant improvement in model fit.
Classical goodness-of-fit plots, such as observed values vs population predictions, observed values vs individual predictions, and individual residual errors vs time or vs concentrations, were used for graphical assessment of the model fit. The population model estimated the typical values of the model parameters and the interpatient variability of these parameters.
Interindividual Variability
The differences between individual parameters were described using random effects. These were assumed to be normally distributed with mean zero and a variance, which was estimated. The distribution of the individual parameters around the typical population value was assumed to be log-normal.
Residual Error Model
An additive model was used to describe the residual error of the log-transformed data. The residual error was assumed to arise from a distribution with mean zero and a variance, which was estimated. Linear one-, two-and three-compartmental models were tested in the model development. Model development was based on data from paradigm 7. To validate the model, the final version was used to simulate single-dose PK data from paradigm 2. Data analysis was performed using SAS software, version 9.4 (SAS Institute Inc, Cary, NC, USA).
Pharmacokinetic Simulations To Compare rFIXFc And N9-GP
The developed PK population models were used to simulate plasma FIX activity following dosing with N9-GP and rFIXFc for major surgery and on-demand treatment of bleeds. For N9-GP, the model was based on the dosing amount recommended in the prescribing information: 40 IU/kg for mild/moderate bleeds; 80 IU/kg for severe and life-threatening bleeds with additional doses of 40 IU/kg as necessary; 80 IU/kg initial dose for major surgery and subsequent doses of 40 IU/kg in the postoperative period. For rFIXFc, the prescribing information provides formulas to calculate dosing based upon desired FIX levels and provides guidelines for FIX targets that mimic WFH guidelines. 1 Simulations were performed to explore N9-GP and rFIXFc frequencies required to sustain target FIX levels derived from WFH guidelines:
1 severe bleed >50% for 3 days; life-threatening bleed (eg, intracranial hemorrhage) 60-80% for the first 7 days, then >30% until 21 days; and major surgery >40% for 3 days, >30% for 3 days, then >20% until day 14. While initial modeling was done to optimize FIX profiles to comply with WFH guidelines, 1 additional sensitivity analyses were conducted to assess the impact of further aligning the dosing intervals to those recommended in prescribing information for N9-GP for major surgery (additional doses of 40 IU/kg every 1-3 days during the first week and weekly thereafter).
Results
Pharmacokinetic Model
The PK of N9-GP following intravenous bolus doses was described by a linear one-compartmental model, with first-order elimination. The PK of rFIXFc was described by a linear three-compartmental model with first order elimination, which is in accordance with the previous publication. 16 The PK models were able to describe the data well. For both N9-GP and rFIXFc, the majority of data (95% for N9-GP and 87% for rFIXFc) are within the 95% confidence interval (CI) of the predictions (Figures 1 and 2 ).
The mean of the observations is within the 95% CI of the predictions at all time points. Goodness-of-fit plots are provided as Supplementary Figures 1 and 2 .
To validate the final model, it was used to predict the FIX activity from another trial (paradigm 2) where patients received a single 40-IU/kg dose of N9-GP. The mean of the observations at all time points is within the 95% CI of the population prediction and the majority of data (85%) are within the CI of the predictions (Supplementary Figure 3) .
Pharmacokinetic Simulations To Compare rFIXFc And N9-GP
The final population PK model was used to simulate plasma FIX activity following dosing with N9-GP and rFIXFc for major surgery and on-demand treatment of bleeds. Simulations predicted significantly reduced dosing frequency and total FIX consumption for N9-GP vs rFIXFc (Table 1) .
For severe bleeds, a single dose of N9-GP (80 IU/kg) is sufficient to maintain FIX levels according to WFH guidelines, 1 in doses similar to the product labeling. However, additional sensitivity analyses based upon a dosing interval of 1-3 days in the first week (as per N9-GP prescribing information) shifted the timing of additional N9-GP doses for major surgery to days 3, 6, and 13 ( Figure 6 ). Adding one additional dose and increasing the total dose to 200 IU/kg resulted in FIX activity curves predicted to raise FIX levels to a minimum of 0.73 IU/mL in the first week and a peak of up to 1.43 IU/mL (Table 2) , providing FIX levels well in excess of the WFH guidelines 1 and those simulated for rFIXFc.
Discussion
Treatment of acute bleeds with SHL pdFIX or rFIX has been reported to require more than one injection to achieve hemostasis in clinical trials. Even with the longer half-life of SHL FIX compared with FVIII, more enhanced on-demand strategies targeting decreased inflammation and prevention of joint damage by preventing rebleeding would require additional dosing over several days. Mean FIX activity for N9-GP Mean FIX activity for rFIXFc WFH guidelines Figure 3 Simulated dosing for severe bleeds to achieve FIX activities meeting Mean FIX activity for N9-GP Mean FIX activity for rFIXFc WFH guidelines Figure 5 Simulated dosing for major surgery to achieve FIX activities meeting WFH guidelines: 1 N9-GP 80 IU/kg followed by 40 IU/kg and rFIXFc 80 IU/kg followed by 50 IU/kg. Abbreviations: FIX, factor IX; rFIXFc, recombinant FIX Fc fusion protein; WFH, World Federation of Hemophilia.
Clinicians treat bleeds differently between patients, as well as in the same patient over time (eg, for rebleeds, target joint bleeds). While prescribing information of SHL and EHL FIX products prior to N9-GP suggested recommended target FIX levels informed by the WFH guidelines, 1 it is unclear to what extent the dosing used in the real-world setting reflects these guidelines. To simulate possible ondemand scenarios, we followed the approach of Collins et al 14 and considered hypothetical bleeds of different severities and used the WFH guidelines as a way to compare two EHL FIXs with very different PK profiles in their respective comparative studies with SHL FIX. While it was not surprising in previous modeling that a severe bleed requiring one N9-GP dose of 80 IU/kg would require six doses of SHL FIX (rFIX: 350 IU/kg; pdFIX: 310 IU/kg), the current study suggests that achieving the 0.50-IU/mL level for 3 days with rFIXFc would still require four doses (230 IU/kg). For life-threatening bleeds treated for 21 days, the PK models suggested five N9-GP doses (80 IU/kg followed by four doses of 40-IU/kg at decreasing intervals; total consumption: 240 IU/kg) and 11 rFIXFc doses (110 IU/kg followed by three doses of 90 IU/kg and seven doses of 80 IU/kg doses; total consumption: 940 IU/kg). Here, results show a similar pattern to the prior modeling (rFIX/pdFIX, 28 doses: 1490 / 1450 IU/kg), with rFIXFc requiring more than twice the number of doses (11 vs five) and 4× the total consumption (940 vs 240 IU/kg) as N9-GP. In both simulations, the initial more rapid clearance from the plasma following infusion results in the need to redose, here with rFIXFc within 6 hrs, then 24, 48, and 72 hrs to maintain FIX levels.
As with the prior modeling study, 14 simulations using the paradigm 7 PK profiles for N9-GP to cover major surgery showed that three infusions (160 IU/kg) would be sufficient over 2 weeks. In the sensitivity analysis, dosing over 1-3 days during the first week resulted in four total infusions (200 IU/kg). While clinical experience with multiple administration of SHLs in the first few days after surgery is supported by trials and these modeling simulations, this does to some extent carry through to the surgical studies including N9-GP, where investigator guidelines were similar to and mirrored by the recommendation in the prescribing information. 18 In that study, the median preoperative dose was 81.7 IU/kg and all patients received only one dose on the day of surgery. However, despite having high median FIX levels of 1.43 IU/mL after the preoperative dose, 1.12 IU/mL at 24 hrs, and 0.73 IU/mL at 48 hrs (measured at 47-57 hrs), four patients received additional dosing prior to the second day at the Investigator's discretion with FIX levels at 24 hrs of 0.84 IU/mL, 1.12 IU/mL, 1.31 IU/mL, and 1.34 IU/mL at redosing. As a result, a median of two injections were administered during days 1-6 (median: 84.1 IU/kg) and a median of three injections were administered over days 1-13 (median: 126.1 IU/kg). 18 So, while the trial experience under protocol is reflected in the dosing recommendations in the prescribing information, the study data on FIX activities also confirm the results of the sensitivity analysis, demonstrating that the levels achieved by redosing in the first few days result in substantially higher FIX levels than those recommended in the WFH criteria 1 and levels above 0.75 IU/mL for more than a week. Thus, the primary modeling based upon targeted levels represents a more realistic comparative scenario and one that would match clinical expectations for FIX levels.
To maintain WFH-recommended FIX levels for surgery, rFIXFc would require fewer doses than previously simulated for rFIX/pdFIX but would require 3× as many doses (nine vs three) and a higher total dose (480 IU/kg) compared with N9-GP; these results remain clinically different even with the sensitivity analysis for N9-GP. The modeling for rFIXFc is consistent with the data reported in its phase 3 surgery trial with a median infused dose of 90.9 IU/kg, with patients reported to receive 1-3 infusions on the day of surgery and 2-3 during postoperative days 1-3. The median total consumption over 14 days was 432.3 IU/kg, with a maximum of 1084.7 IU/kg. Mean FIX activity for N9-GP Mean FIX activity for rFIXFc WFH guidelines Figure 6 Sensitivity analysis for simulated dosing for major surgery to achieve FIX activities to meet WFH guidelines: 1 N9-GP 80 IU/kg followed by 40 IU/kg every 1-3 days during the first week and every week during the second week. rFIXFc 80 IU/kg followed by 50 IU/kg. Abbreviations: FIX, factor IX; rFIXFc, recombinant FIX Fc fusion protein; WFH, World Federation of Hemophilia.
A potential limitation of this modeling approach is that the data used were single-dose PK data in a nonbleeding state. The FIX activities maintained after infusions in an actively bleeding patient or surgical setting may be slightly lower. While it is not known exactly how much FIX is consumed at the site of bleeding during a bleed or procedure, population-based modeling has been able to predict doses and, in the case of this model in the surgical setting, correlates with the experience in phase 3 surgical trials of N9-GP and rFIXFc. Any differences in FIX levels due to consumption would also be seen across all FIX products, so improved incremental recovery and half-life should still impact the burden of treatment.
As we continue to develop new products and assess their use in more severe bleeds and surgical settings, and as we combine non-factor and factor products in such settings to control bleeding but avoid thrombosis, it is important to recognize the ongoing need to better understand and generate evidence on target factor activities. WFH guideline recommendations on treatment of different types of bleeding episodes range from level 2-5 evidence, and separate guidelines exist for developed countries (nonconstrained factor availability) and developing countries (limited factor availability). Ultimately, patients are all different and even orthopedic procedures in patients with hemophilia are all potentially very different, making it very difficult to gather sufficient evidence to inform guidelines. Whether considering intensity and duration of treatment for an intracerebral hemorrhage to prevent reoccurrence, or for a total knee replacement to avoid postoperative bleeding and potential for late infection, the benefit/risk is likely to remain on the side of treating to higher activity levels than what might be minimally necessary.
Conclusions
While head-to-head prospective clinical studies are not standardly performed in patients with hemophilia, PK modeling approaches based upon direct PK comparisons in PK studies can offer insights into the implications of PK differences between EHL FIX products. These data show N9-GP may allow on-demand treatment and perioperative management with 55-75% fewer injections and 65-74% lower overall factor concentrate consumption than rFIXFc. These data highlight the particular need to consider SHL/EHL and potential EHL/EHL differences for FIX products and consider product-specific PK profiles to prescribe treatment.
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